Abstract. Scalaron-Higgs inflation provides a theoretically well motivated model in which the Standard Model Higgs boson is non-minimally coupled to gravity and the Einstein-Hilbert action is supplemented by the quadratic scalar curvature invariant. For the value of the Higgs self-coupling fixed at the electroweak scale, we find that it effectively reduces to that of a single field model with the same predictions as those in non-minimal Higgs inflation or Starobinsky inflation, independently of the initial conditions of the inflationary two-field dynamics. Motivated by the renormalization group flow of the Standard Model, we also explore the consequences of a very small self-coupling at high energy scales and find different inflationary scenarios depending on the initial conditions. For one particular class of initial conditions, we find an effective single field description with a tensor-to-scalar ratio higher than that in non-minimal Higgs inflation or Starobinsky inflation. For another class of initial conditions, the scalaron-Higgs model exhibits multifield effects, which lead to features in the power spectrum that might be of relevance for the large scale anomalies observed in the temperature anisotropy spectrum of the cosmic microwave background radiation. In addition, we discuss how the scalaron-Higgs model could provide a natural way to stabilize the electroweak vacuum.
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Introduction
The simplest models of inflation are based on a single additional propagating scalar degree of freedom -the inflaton. In view of the plethora of inflationary models, it is reasonable to group different models into universality classes on a purely phenomenological basis if they lead to indistinguishable inflationary predictions [1] [2] [3] . However, even for models belonging to the same universality class, there is still much freedom left in the theoretical description and, unfortunately, in many models the physical nature of the inflaton and the functional form of its potential remain unexplained at the fundamental level. The model of non-minimal Higgs inflation [4] and Starobinsky's R + R 2 model [5] provide two exceptions. Despite their seemingly different nature, they both belong to the same universality class and are representatives of scalar-tensor theories [6] with a non-minimal coupling to gravity [7] [8] [9] [10] and f (R) modifications of General Relativity [11, 12] , respectively. What makes these two models so attractive are not just their predictions, which are in perfect agreement with recent Planck data [13] , but also their theoretical motivation. The gravity-scalar sector of these models only involves the inclusion of one single operator in addition to the Einstein-Hilbert action -a non-minimal coupling term ξϕ 2 R in the case of Higgs inflation and a quadratic curvature invariant αR 2 in the case of Starobinsky's model of inflation. 1 Each of the dimensionless coupling constants ξ and α only adds one new parameter, respectively. This makes these models highly predictive. The motivation for the inclusion of these operators is not only based on their phenomenological significance. They are the only two marginal operators that can be added to the gravity-scalar sector which neither introduce a new mass scale nor lead to propagating ghost degrees of freedom. Moreover, in both models the inclusion of the additional operator leads to an asymptotic scale invariance. Inflation is realized naturally during the almost scale invariant quasi de Sitter phase and is ended by the Einstein-Hilbert term, which breaks this scale invariance. Finally, even for an interacting scalar field minimally coupled to Einstein gravity, these two operators are unavoidably induced by quantum corrections already at the one-loop level [16] [17] [18] and have to be anyway included for the consistency of the renormalization procedure. In view of the perturbatively non-renormalizable character of General Relativity, from a theoretical point of view, these two operators should be included in the low energy limit which defines the particle spectrum of the corresponding effective field theory.
The similarities between non-minimal Higgs inflation and Starobinsky inflation [19] [20] [21] [22] [23] can be traced back to a more general equivalence between f (R) gravity and scalar-tensor theories. Under certain conditions on the function f and its derivatives, f (R) gravity can be equivalently formulated as scalar-tensor theory at the classical level, see e.g. [12, [24] [25] [26] . Based on the one-loop result of f (R) gravity on an arbitrary background manifold [27] , recently this equivalence was shown to also hold at the quantum level [26] -a result similar to the one obtained in [28] for the quantum equivalence of scalar-tensor theories formulated in the Jordan frame and the Einstein frame parametrizations. In the scalar-tensor formulation of f (R) gravity, the higher derivative scalaron degree of freedom becomes manifest.
In this article, we analyze the model of scalaron-Higgs inflation, which results from a combination of Higgs inflation with a non-minimal coupling to gravity and Starobinsky's model of inflation. It is a special case of a more general general f (R, ϕ) theory, which can be equivalently formulated as two-field scalar-tensor theory with a curved scalar field space manifold. Multifield inflationary scenarios with and without a curved scalar field space have been studied in many variants [9, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . The particular case of two-field inflation was investigated previously in [41] [42] [43] [44] [45] [46] [47] [48] . In addition to the adiabatic perturbations present in single-field models of inflation, a characteristic feature of multifield models is the generation of isocurvature perturbations. While so far there is no direct observational evidence for isocurvature modes, they can also source the adiabatic modes and therefore indirectly contribute to the observed adiabatic power spectrum and the derived spectral observables. In addition, observational signatures of non-Gaussianities in the context of multifield inflation have been studied recently in [49] [50] [51] .
We use the field covariant formalism for multifield models of inflation [29, 31, 39, 39, 40, 52, 53] in order to derive the dynamics of the homogeneous and isotropic flat FLRW background and the dynamics of the perturbations propagating on that background. 2 In contrast to single field models of inflation, there is no unique inflationary trajectory anymore and different background trajectories originating from different initial conditions lead to different scenarios with different observational consequences. Several aspects of the scalaronHiggs model have been already analyzed in [59] [60] [61] [62] for values of the quartic Higgs coupling 10 −2 λ 10 −1 .
We first investigate the case where the quartic Higgs coupling λ = M 2 H /2v 2 ≈ 0.1 is fixed by the value of the Higgs mass M H = 125 GeV at the electroweak scale v ≈ 246 GeV. We perform a careful study of the parameter space and the space of initial conditions, which together determine the background dynamics in the scalaron-Higgs potential. For λ ≈ 10 −1 a broad range of parameters (ξ, α) lead to two prominent valleys in the scalaronHiggs potential, which serve as natural attractors for the inflationary background dynamics. We find that for λ ≈ 10 −1 , the observable part of the inflationary dynamics always takes place in one of the valley attractors independent of the initial conditions. Therefore, with λ fixed at the electroweak scale, scalaron-Higgs inflation reduces to an effective single field model of inflation, which leads to the same universal predictions as non-minimal Higgs inflation or Starobinsky inflation with no observable multifield effects.
The situation changes significantly for very small values of λ 10 −1 . The divergent quantum contributions of the heavy Standard Model particles dominate the renormalization group (RG) running, which can drive the Higgs self-coupling λ to very small values at the inflationary energy scale. Depending on the precise values of the top mass M t , the Higgs mass M H and the strong coupling constant g s at the electroweak scale, the RG flow can even drive λ to negative values at high energies and destabilize the electroweak vacuum. The measured values for M t and M H implies that our universe is at the borderline between stability and non-stability [63] . Thus, in principle it is possible that at high energies λ is driven to values even smaller than λ = 10 −2 considered in [59] [60] [61] [62] . For tiny self couplings λ ≈ 10 −11 , we find that the scalaron-Higgs model leads to inflationary predictions different from nonminimal Higgs-inflation or Starobinsky inflation. Depending on the initial conditions and the concrete trajectory in the landscape of the two-field potential, different scenarios are possible. If inflation takes place in one of the two valleys for λ 10 −1 , the model reduces to an effective single field model, which predicts a larger-tensor-to scalar ratio than the effective single field model obtained for λ = 10 −1 in the valley which leads to identical predictions as in non-minimal Higgs inflation or Starobinsky inflation. Moreover, as in non-minimal Higgs inflation, a very small λ naturally relaxes the situation with the strong coupling ξ.
For different initial conditions and inflationary background trajectories starting on the hilltop of the potential, we find that true multifield effects are possible which lead to features in the power spectrum that might be important for the anomaly observed at large scales in the temperature anisotropy spectrum of the Cosmic Microwave Background (CMB) radiation.
In addition, we find that the scalaron-Higgs model naturally offers potential ways to stabilize the electroweak vacuum.
The article is structured as follows. In Sec. 2, we reformulate a general f (R, ϕ) theory as a two-field scalar-tensor theory with a curved scalar field space. In Sec. 3, we introduce the covariant field space formalism for a general multifield scalar-tensor theory and derive the dynamics of the inflationary background as well as that of the linear perturbations propagating on this background. In Sec. 4, we introduce the scalaron-Higgs model, formulate it as two-field scalar-tensor theory with a curved scalar field space manifold and analyze the scalaron-Higgs potential in the Einstein frame. We classify different inflationary scenarios by their initial conditions and their associated trajectories in the scalaron-Higgs potential. In Sec. 5, we discuss the valley approximation for λ = 10 −1 and the reduction of the scalaron-Higgs model to an effective single field model. We derive analytical expressions for the inflationary observables in the slow-roll approximation and show that they lead to predictions indistinguishable from non-minimal Higgs inflation or Starobinsky's model of inflation with no multifield effects. In Sec. 6, we analyze the possibility of a RG driven small quartic Higgs self-coupling λ 10 −1 and show that compared to the λ = 10 −1 case, this can lead to an effective single field scenario with a larger tensor-to-scalar ratio and also to observable multifield effects. Moreover, we point out several mechanisms by which the electroweak vacuum can be stabilized in scalaron-Higgs inflation. We conclude in Sec. 7 and give a brief outlook on interesting future applications and observational consequences.
2 Reformulation of f (R, ϕ) gravity as two-field scalar-tensor theory
We consider the action
Here, f (R, ϕ) is an arbitrary function of the Ricci scalar R and the scalar field ϕ. The higher derivatives, which enter the theory due to the dependence of f (R, ϕ) on the scalar curvature R, lead to an additional scalar propagating degree of freedom -the scalaron χ.
The ellipsis indicate that the action (2.1) is considered to be the low energy approximation of an effective field theory. The action (2.1) can be represented as a two-field scalar-tensor theory in which the dependence on the scalaron χ becomes manifest. We perform the transition in two steps. First, we express the action (2.1) as a scalar-tensor theory with the scalaron χ non-minimally coupled to gravity. In a second step, we perform a conformal transformation of the metric g µν →ĝ µν and a reparametrization of the scalaron χ →χ. In terms of the variables (ĝ µν ,χ, ϕ) both scalar fields (χ, ϕ) are minimally coupled to gravity but feature a curved field space metric.
Representation as scalar-tensor theory
We introduce an auxiliary action with scalar field ψ,
2)
The equations of motion for ψ are given by the algebraic relation
For f ,ψψ = 0, the equation of motion implies ψ = R. Therefore, on-shell, the auxiliary action (2.2) is equivalent to the original action (2.1). Next, we define the scalaron χ implicitly by
The knowledge of the explicit function f (ψ, ϕ) together with the condition f ,ψψ = 0 allows to invert (2.4) and to express ψ = ψ(χ, ϕ) as a function of χ and ϕ. In particular, we can write the action (2.2) in terms of the scalaron χ, 5) with the two-field scalar potential
The action (2.5) corresponds to a scalar-tensor theory with two interacting scalar fields ϕ and χ. While ϕ is minimally coupled to gravity and has a canonically normalized kinetic term, χ is non-minimally coupled to gravity and has no kinetic term at all. However, the non-minimal coupling directly couples χ to derivatives of the metric field g µν , which after integration by parts induces a derivative coupling between the metric and χ.
Transformation to the Einstein frame and curved field space
In order to remove the non-minimal coupling, we perform a conformal transformation of g µν to the new metric fieldĝ µν with the field dependent conformal factor Ω(χ),
The inverse g µν , the determinant g = det (g µν ) and the Ricci scalar R transform under (2.7),
In terms of the metricĝ µν , the action (2.5) reads
The two scalar fields ϕ and χ are minimally coupled to gravity and the dynamics of the scalaron χ is manifest. While it is in general not possible to find a transformation (ϕ, χ) → (φ,χ) such that the kinetic terms for both scalar fieldsφ andχ become simultaneously canonical, we are free to perform an additional reparametrization of the scalaron χ →χ in such a way that χ features a canonically normalized kinetic term
We further introduce the Einstein frame potential
In terms of the Einstein frame field variablesĝ µνχ and ϕ and the potential (2.11), the original action (2.1) is expressed as scalar-tensor theory for two minimally coupled scalar fields
The two-field scalar-tensor theory action (2.12) in the Einstein frame is compactly written as
The scalars Φ I (x) are viewed as local coordinates of the scalar field space with metric G IJ ,
For models such as (2.1), originally formulated in the Jordan frame, the form of the field space metric G IJ is entirely fixed by the transition to the multifield Einstein frame formulation (2.12). Therefore, independently of the explicit form of the original function f (R, ϕ), all models of the form (2.1) can be represented in terms of the multifield Einstein frame formulation (2.12) with the same metric G IJ . The function f (R, ϕ) only determines the form of the Einstein frame potentialŴ in (2.12) but does not affect the geometry of the scalar field space. In two-field models such as (2.12), the scalar field space is a two dimensional space of constant curvature. The explicit expressions of all geometric objects for the scalar filed space with metric (2.14) are provided in Appendix A.
3 Covariant multifield formalism
Action functional and equations of motion
We consider a general multifield action of the form (2.13) with arbitrary G IJ andŴ ,
The covariant treatment of the field space has been advocated already in [29, 31, 39, 39, 40, 52, 53] . 3 For the field covariant formalism it is natural define a field covariant differential D by its action on a vector V I (Φ) in field space, 4
The field space connection is the Christoffel connection of (2.14),
3 Note that the extended covariant treatment which includes the metric field as just another field variable has been proposed in [54] in the general field theoretical context and in [28, 55, 56] in the context of cosmological scalar-tensor theories. 4 Note that Φ I is not a vector in scalar field space -the Φ I are local coordinates in the scalar field space i.e. Dφ I = dΦ I . In contrast, Φ I ,µ is a vector which measures the change of the field space coordinates Φ I by a change of the spacetime coordinates x µ .
The inverse field space metric G IJ is defined via G IJ G JK = δ K I . In view of (3.4), the field covariant derivative D I is defined by its action on a field space vector V I (Φ),
Since the scalar field space coordinates Φ I (x) depend on the point x, the change of a vector V I (Φ) under a change of coordinates x µ defines the spacetime field covariant derivative
Functional differentiation of (2.13) with respect to g µν leads to Einstein's field equationŝ
with the energy momentum tensor
Functional differentiation of (2.13) with respect to Φ I yields the Klein-Gordon equation
FLRW background evolution
The line element of a flat Friedmann-Lemaître-Robertson-Walker (FLRW) background reads
Here, t is the cosmic Friedmann time, a(t) is the scale factor and i, j, . . . = 1, 2, 3 are spatial indices. The homogeneous and isotropic energy momentum tensor of a perfect fluid is given by 12) with the four velocity u µ normalized byĝ µν u µ u ν = −1. By comparing (3.12) and (3.9), we obtain the energy density ρ(t) and the pressure p(t) for a homogeneous scalar multiplet Φ I (t),
On the FLRW background (3.11), the field equations (3.8) and (3.10) reduce to
14)
15)
Here, the dots denote derivatives with respect to the cosmic time t. In accordance with (3.7), we have also introduced the Hubble parameter H(t) and the covariant time derivative D t ,
The second Friedmann equation (3.15) shows that the time evolution of the Hubble parameter H(t) is completely determined by the lengthσ of the velocity vectorΦ I in field space, which also defines the unit velocity vectorσ I tangent to the background trajectorẏ
Since we restrict ourselves to a two-field model, besidesσ I , we only need one additional unit vectorŝ I to span the field space. This vector is chosen to be orthogonal toσ I , which implies
It is useful to define the turn-rate vector ω I as the change in direction defined byσ I ,
Sinceσ I is a unit velocity vector, ω I can be interpreted as unit acceleration vector. From (3.20) , it can be seen that ω I is perpendicular toσ I and therefore proportional toŝ I ,
The orientation ofŝ is the same as that of ω I and the magnitude ω of ω I defines the turn rate of the background trajectory. Using (3.18) and projecting (3.16) alongσ I andŝ I yields 5
Equation (3.23) shows that the dynamics of the Hubble parameterḢ(t) is entirely determined by the speedσ along theσ I direction tangent to the background trajectory. Equation (3.25) relates the turn rate ω to the directional derivative of the potentialŴ along theŝ I direction perpendicular to the background trajectory. The derivatives of the potential alongσ I andŝ I are defined by the projectionsŴ 
Slow-roll background dynamics
The deviation from de Sitter spaceḢ = 0 in multifield inflation is quantified by the Hubble slow-roll parameters along the background trajectory as in the single field case 6
Within the slow-roll approximation ε H 1 and |η H | 1, the equations (3.22)-(3.24) reduce to
The slow-roll parameters (3.27) can be expressed in terms of the derivatives of the multifield potentialŴ along the inflationary trajectory in an analogous way as for the single field case
Here ∇ σ :=σ I ∇ I denotes the covariant directional derivative alongσ. Within the slow-roll approximation, the Hubble slow-roll parameters (3.27 ) are related to the potential slow-roll parameters (3.29) by ε H ≈ ε σ and η H ≈ 4ε σ − 2η σ .
Cosmological perturbations
The scalar metric perturbations are incorporated in the perturbed FLRW line element
with the scalar part of the spatial metric perturbation
The four scalar metric perturbations A(t, x), B(t, x), ψ(t, x) and E(t, x) combine with the perturbation of the scalar multiplet δΦ I (t, x). Instead of δΦ I (t, x), it is convenient to work with the gauge-invariant multifield Mukhanov-Sasaki variable [39, 64, 65] ,
The equation for the Fourier modes of the perturbation δΦ I g is found to be [31, 39, 66] 
Here, Ω I J and the effective mass tensor M I J are defined by
Here, N is defined as the number of efolds left until the end of inflation. Therefore, we have dN = −Hdt with a minus sign. 7 We denote the Fourier modes δΦ I k (t) with wave vector k simply by δΦ I and likewise for the tensor modes.
Here the effective mass tensor M IJ includes the Riemannian curvature tensor R IJKL associated with the curved field space G IJ , as well as the curvature of the multifield potentialŴ .
The tensor modes h (suppressing tensor indices) satisfy the simple mode equation,
Projecting (3.32) alongσ I andŝ I defines the adiabatic and isocurvature perturbations
Inserting the decomposition δΦ I g = Q σσ I + Q sŝ I into (3.33), we obtain the dynamical equations for the perturbations Q σ , Q s and h in the large wavelength limit k aH,
37)
Here, we have defined the following convenient abbreviations
The operator f (d/dt) acting on the source ωQ s on the right hand side of (3.37) is defined as
The adiabatic modes Q σ in (3.37) are sourced by the product ωQ s of the turn rate ω and the isocurvature modes Q s . The turn rate is determined by the background dynamics (3.25) and the isocurvature modes are obtained by solving the homogeneous equation (3.38) . Only if the combination of turn rate ω and the isocurvature modes Q s are sufficiently large, the adiabatic modes Q σ are sourced by the isocurvature modes. Such a sourcing of adiabatic modes by isocurvature modes could be called "isocurvature pumping" and leads to potentially observable effects in the adiabatic power spectrum.
Inflationary observables
As in the single field case, it is convenient to define the gauge invariant curvature perturbation
where δq is obtained from (3.9) by δq ,i = δT 0 i . Combining (3.43) with (3.13), R is found to be proportional to the adiabatic perturbation Q σ ,
In the single field case, R is conserved on superhorizon scales k aH. In analogy to the curvature perturbation (3.44), we define the isocurvature perturbation
The power spectra P R and P S for the adiabatic and isocurvature perturbations read 8
Inserting the solutions δΦ I of the mode equations (3.33) and the background quantitiesσ I , s I , H, obtained from the solution of the background equations in (3.22)-(3.25), the power spectra P R (t; k) and P S (t; k) can be evaluated numerically. In addition to the scalar perturbations, tensor perturbations are amplified during inflation and lead to the power spectrum for the tensor modes h, which are solutions of (3.35),
For a given mode k, we evaluate the power spectra at t end and obtain a single number for P R (t end ; k), P S (t end ; k) and P h (t end ; k). 9 Repeating this procedure for different modes k, we obtain the numerical expression for the power spectra as a function of k,
The weak scale dependence of the power spectra motivates to fit the numerical solution obtained for (3.48) by a power law ansatz with an arbitrary reference scale scale k * ,
The constant amplitudes A R , A S and A h as well as the spectral indices n R , n S and n h , which we assume to be constant, are defined by (3.49) . It is convenient to define the primordial isocurvature fraction β iso and the tensor-to-scalar fraction r,
The scalar amplitude A R and the spectral index are determined at 68% CL by the Planck TT,TE,EE+lowE+lensing data at a pivot scale k * = 0.002 Mpc −1 [13] , ln 10 10 A * R = 3.044
The primordial isocurvature fraction and the tensor-to-scalar ratio (3.50) have not been measured. For a pivot scale 10 of k * = 0.002 Mpc −1 , Planck TT,TE,EE+lowE+lensing+BK14 data provide an upper bound at 95% CL [13] ,
Scalaron-Higgs inflation
In the following, we focus on the scalaron-Higgs model by identifying ϕ with the Standard Model Higgs boson and by fixing the general function f (R, ϕ) in (2.1) to be
Here, ξ is the non-minimal coupling, λ is the quartic self-coupling of the Higgs field and v is the vacuum expectation value of ϕ, associated with the symmetry breaking scale v ≈ 246 GeV. In addition to the non-minimal coupling term in Higgs-inflation [4] , the Einstein-Hilbert term is augmented by the quadratic curvature invariant R 2 with the dimensionless scalaron coupling constant α. Like many other models such as Higgs-dilaton models [67] [68] [69] , or "noscale" models such as [70, 71] , this model is inspired by a classical scale invariance, which is approximately realized for large field values and curvatures where the two mass scales M P ≈ 10 18 GeV and v ≈ 246 GeV become negligible,
It would also be interesting to study the consequences of an exact classical scale-invariance (M P , v) → 0, where both mass scales M P and v are effectively induced via radiative corrections, such as in models of induced gravity [72] [73] [74] [75] [76] . One of the appealing features of the Scalaron-Higgs model (4.1) is that the shape of the scalaron-Higgs potentialŴ (χ, ϕ) is completely fixed by the Standard Model Higgs potential and the two additional invariants ϕ 2 R and R 2 . Compared to the Standard-Model embedded in curved spacetime with a Higgs boson minimally coupled to Einstein gravity, the scalaron-Higgs model has two additional free parameters: the non-minimal coupling ξ and the scalaron coupling α.
Scalaron-Higgs inflation: two-field formulation in the Einstein frame
We formulate the scalaron-Higgs model (4.1) as two-field scalar-tensor theory. Using (2.3) and inserting (4.1) into (2.4), we obtain
This can be inverted and solved for
Inserting this into (2.6), the explicit form of the two-field scalar potential readŝ
In terms of the Einstein frame fieldχ, defined in (2.10), the action for the scalaron-Higgs model has the form (2.12) with the Einstein frame potential (2.11) given explicitly bŷ
Properties of the scalaron-Higgs potential in the Einstein frame
The scalaron-Higgs model is a combination of the Starobinsky model and the model of nonminimal Higgs inflation. This is naturally reflected in the structure of the scalaron-Higgs potential (4.6). Along theχ direction (scalaron), it has the same profile as the Starobinsky potential. Along the ϕ direction (Higgs), its functional form is that of the ϕ 4 Higgs potential. For v/M P ϕ/M P 1, the scalaron-Higgs potential (4.6) reduces to the Starobinsky po-
Forχ/M P 1, the scalaron-Higgs potential (4.6) reduces to the quartic Higgs potential, which for 1 ϕ/v has the formŴ
with an effective quartic self-couplingλ
The potential (4.6) has a saddle point (a minimum forχ and a maximum for ϕ) at
and a two-fold degenerated minimum at
At the extrema, the potential acquires the valueŝ
For v/M P 1, all extrema (4.10)-(4.11) degenerate to a single global minimum at
For certain combinations of the parameters (λ, ξ, α), the potential features two sharp valleys symmetrically aligned along the ϕ axis (the potential (4.6) is invariant under reflections ϕ → −ϕ). In the limit 1 ϕ/v, the location ϕ v (χ) of the two valleys is determined by
. (4.14)
A measure for the separation of the two valleys is provided by (4.14) and controlled by the parameter combination ξζ/λ. The height difference between the hill and the valley is
Forχ/M P 1, the potential flattens out and asymptotically approaches the constant plateaû The two valleys located at ±ϕ v serve as natural attractors for the inflationary trajectory. Independent of the initial conditions, the solutionsχ(t) and ϕ(t) of the background equations (3.16) approach the valley at a certain moment of time t before the end of their inflationary evolution. However, the history of the trajectories before entering the valley attractor can be different and might lead to observable multifield effects. Once inside the valley, the twofield inflationary model effectively reduces to a single field model. We perform a detailed analysis of different inflationary scenarios parametrized by different initial conditions and study their observational consequences. We classify the inflationary background trajectories into four different classes and discuss for each class how the transition to the effective single field model takes place. We first focus on the case where λ = M 2 H /2v 2 ≈ 10 −1 is fixed by M H ≈ 125 GeV and v ≈ 246 GeV at the electroweak scale. In the second part of the paper, we relax the condition on λ and explore smaller values of λ that are suggested by the Standard Model RG flow, which drives the running coupling λ to very small (potentially negative) values at high energy scales.
Initial conditions and classification of the background trajectories
The inflationary background dynamics for the homogeneous background fields a(t),χ(t), and ϕ(t) in the scalaron-Higgs model are determined by the system of background equations (3.14)-(3.16) with the scalaron-Higgs potential (4.6). The time evolution of the two scalar fieldsχ(t) and ϕ(t) is obtained by solving the two second-order differential equations (3.16). Each equation requires two initial conditions (χ 0 , ϕ 0 ) and (χ 0 ,φ 0 ) at some moment of time t 0 . In the slow-roll approximation (3.28), equation (3.16) reduces to two first-order differential equations and hence requires only two initial values (χ 0 , ϕ 0 ). For slow-roll models of inflation with a single scalar field φ, the inflationary trajectory is uniquely fixed and the initial condition φ 0 can be expressed in terms of the value φ end at the end of inflation and the number of efolds N . For multifield inflation, in general there is no unique trajectory in the field space. Moreover, since the background solutions enter the evolution equations (3.33) of the perturbations (δχ, δϕ), the inflationary observables inherit this dependence on the initial conditions.
Within an exact numerical treatment of the multifield scenario, the initial conditions which most closely resemble the slow-roll scenario areφ 0 = 0 andχ 0 = 0. We therefore restrict the following analysis to this case. At the end of this section, we briefly comment on the implications of more general initial conditions with non-zeroχ 0 andφ 0 . However, even for zero "velocities"φ 0 = 0 andχ 0 = 0, the dependence on the two initial "positions" (χ 0 , ϕ 0 ) remains and various choices for (χ 0 , ϕ 0 ) in general lead to a plethora of trajectories in the potential landscape with different observational consequences. In the scalaron-Higgs model, the potential (4.6) has a particular structure with two prominent valleys, which allows to classify the inflationary background trajectories into four distinct classes of initial conditions (χ 0 , ϕ 0 ) for a broad range of parameters. The functional form of the scalaron-Higgs potential suggests that inflationary trajectories withφ 0 = 0,χ 0 = 0 have to start at someχ 0 /M P > 1, as illustrated in Fig. 1 . For a fixed value of ϕ 0 , the value ofχ 0 is connected to the number of efolds almost like in a single field model of inflation. Different background trajectories can therefore be classified by different choices of ϕ 0 . The particular shape of the scalaron-Higgs potential suggests that the space of initial conditions ϕ 0 is naturally divided into four classes. For |ϕ 0 | = ϕ v the inflationary trajectory starts in one of the two valleys (Class 1). For |ϕ 0 | > ϕ v , the trajectory starts in one of the the outer arms of the ϕ 4 part of the potential (Class 2). For ϕ 0 = 0, the trajectory starts exactly on the hilltop (Class 3). For values ϕ 0 = ±δ 1, the trajectory starts on the hilltop but slightly displaced from the symmetrical point ϕ = 0 (Class 4). The different background trajectories for these four scenarios are depicted in Fig. 3 The classification on the basis of the background dynamics is also reflected in the equations for the perturbations (3.37) and (3.38). The adiabatic mode Q σ is sourced by the product ωQ s -the combination of the turn rate ω and the isocurvature mode Q s . The dynamics of the adiabatic mode Q σ is only affected by the isocurvature mode Q s if both, ω and Q s are sufficiently large for a sufficient amount of time during inflation. The classification into four scenarios based on the initial conditions for the background evolution has its counterpart in the classification according to the four different possible combinations of the source term ωQ s in the equation for the adiabatic mode:
The turn rate ω and the isocurvature mode Q s are both negligible over the course of the inflationary evolution. The negligible turn rate can be seen from the straight line trajectory inside the valley (Class 1).
The turn rate ω is non-zero during part of the inflationary trajectory, but the isocurvature mode Q s is negligible over the course of the inflationary evolution. This scenario corresponds to the damped oscillations and the subsequent evolution in the valley (Class 2).
The turn rate ω is zero over the course of the inflationary evolution but the isocurvature perturbation Q s grows. This scenario corresponds to the trajectory that stays at the hilltop (Class 3).
The turn rate ω as well as the isocurvature perturbation Q s are non-zero during part of the inflationary dynamics. This scenario corresponds to the trajectory that first runs on the hilltop along theχ direction for a certain number of e-folds and subsequently falls into the valley (Class 4). 
Class 1: Effective single field inflation inside the valley
The trajectory along one of the valleys provides an attractor for the inflationary background dynamics and for generic initial conditions ϕ 0 , inflation ultimately ends in one of the two valleys before it approaches the global minimum at (χ, ϕ) = (0, 0). Therefore, we first focus on the scenario where the trajectory directly starts inside one of the valleys by setting ϕ 0 = ±ϕ v . This scenario is illustrated in Fig. 4 . Inside a sharp valley, the inflationary dynamics reduces to an effective single field model. In the valley, the shape of the scalaron-Higgs potential in the ϕ direction is convex and the effective isocurvature mass m 2 s is positive. According to (3.38) , this leads to an exponential damping of the isocurvature mode Q s . Moreover, the turn rate ω is negligible along the trajectory inside the valley, which can be seen in the lower right plot of Fig. 4 . Therefore, along the trajectory inside the valley, the isocurvature mode can neither grow nor source the adiabatic mode and the predictions for the spectral observables have the same universal form as in single field nonminimal Higgs inflation and Starobinsky inflation, respectively. We discuss the reduction to the effective single field model of inflation and the quality of the valley approximation in more detail in Sec. 5. 
Class 2: Damped oscillations and subsequent inflation inside the valley
The inflationary trajectory starts somewhere in the outer ϕ 4 arm of the scalaron-Higgs potential with ϕ 0 > ϕ v . As illustrated in Fig. 5 , the trajectory is a superposition of fast oscillations in the ϕ direction and a slow drift along theχ direction. Depending on the height of the initial starting pointŴ (χ 0 , ϕ 0 ), the trajectory might perform multiple hill-crossings. The friction term 3H in (3.16) sets the typical time scale t osc ∼ 1/H, after which the oscillations in ϕ direction are expected to fade out. Suppose inflation lasts for a total number of N tot efolds. 11 During inflation H ≈ const. and |∆N osc | ∼ H∆t osc ∼ O(1). Thus, the oscillations in the ϕ direction are damped out quickly after a few efolds ∆N osc ∼ O (1) and for N tot > 60 cannot affect the observationally accessible scales of interest which cross the 11 The number of total efolds Ntot is unknown and might be chosen to be higher than the observationally required N * = 50 − 60. In a numerical treatment including perturbations, Ntot > N * is required to ensure that the Bunch-Davies condition for the perturbations is imposed in the deep subhorizon regime at Ntot > N * .
horizon between N * = 50 − 60. Thus, the (Class 2) scenario quickly reduces to the effective single field scenario in the valley (Class 1) with no observable multifield features. . During the first efolds, Ω σσ mainly measures the curvature of the potential along the oscillatory trajectory in ϕ direction and oscillates due to the sign changes associated with the convex (in the valley) and concave (on the hill) shapes of the potential. Lower right: The ratio of the turn rate and the Hubble parameter ω/H is wildly oscillating during the first efolds and becomes almost constant once the trajectory tracks the valley solution.
Class 3: Unstable inflation along the hilltop
The trajectory starts exactly on the hilltop at ϕ 0 = 0 (Class 3) and stays on the hilltop for the whole inflationary dynamics. On the hill, the concave shape of the potential in the ϕ direction implies a tachyonic effective isocurvature mass m 2 s < 0, shown in the lower left diagram of Fig. 6 . According to (3.38) , this leads to an exponential growth of the isocurvature modes Q s and the linear split between background trajectory and perturbation ϕ(t, x) =φ(t) + δϕ(t, x) becomes invalid once the perturbations δϕ grow too large (along the hilltop, the inflationary trajectory points along decreasingχ such that Q σ ∝ δχ and Q s ∝ δϕ). The steeper the curvature on the hilltop in ϕ direction, the heavier the tachyonic mass m 2 s < 0, the stronger the exponential growth of Q s ∝ δϕ, the earlier the background trajectory will be pushed into one of the valleys. For the initial background valueφ 0 = 0, any ever so tiny fluctuation δϕ will almost instantaneously push the classically highly unstable trajectory down in one of the two valleys. Therefore also (Class 3) quickly reduces to the an effective single field model in the valley (Class 1) with no observable multifield effects. The scenario illustrated in Fig. 6 , in which the trajectory runs on the hilltop along theχ direction, can therefore practically only be realized if the curvature of the potential in ϕ direction on the hilltop is sufficiently small. This is realized in the small ξ and small λ limits as discussed in more detail in the Sections 5.4 and 6. Nevertheless, in such a scenario, the large isocurvature modes could not source the adiabatic modes Q σ in (3.37) because the turn rate vanishes exactly for the straight line trajectory along the hilltop. Thus, the predictions for the adiabatic power spectrum would not be affected by isocurvature effects and would lead to the same predictions as in Starobinsky's model of inflation.
Class 4: Two-field inflation and multifield effects
In all previous cases (Class 1)-(Class 3), the observable part of inflation ultimately takes place in one of the valleys. We show in more detail in Sec. 5 that inside the valley, the scalaron-Higgs model effectively reduces to a single field model with no observable multifield effects.
Multifield effects associated to the fall from the hilltop into one of the valleys require the trajectory to stay sufficiently long on the hilltop such that the fall happens in the window when the observable modes cross the horizon. In addition, from the discussion of (Class 3), it is also clear that isocurvature effects can only have an observational impact if the background trajectory stays sufficiently long on the hilltop to allow the isocurvature modes to sufficiently grow (m 2 s < 0). In addition, the trajectory must have a non-vanishing turn rate (ω = 0) in order to allow the sourcing of adiabatic modes. The (Class 4) of a small deviation ϕ 0 = δ 1 from the ϕ 0 trajectory (Class 3) is illustrated in Fig. 7 . On the one hand, for the same reasons as in (Class 3), this is not a realistic scenario as it only takes into account the background dynamics but not the quantum fluctuations, which in this case would dominate and push the instable classical trajectory immediately into the valley. On the other hand, if the potential along the ϕ direction is as steep as in Fig. 7 , initial values of ϕ 0 > 0 might not lie anymore on the hilltop and we effectively arrive again at the scenario described in (Class 2). On the hilltopŴ , ϕϕ /3H 2 ≈Ŵ , ϕϕ /Ŵ can be interpreted as the second slow-roll parameter in the ϕ direction. This quantity is equal to −4ξ at ϕ = 0. Hence for ξ 1 we have η ϕϕ ∼ 1. Thus, slow-roll is not possible in the ϕ direction and the trajectory will immediately be pushed into one of the valleys. The small ξ limit, in which the valley structure disappears completely is discussed in more detail in Sec. 5.4. The only way to have a trajectory on the hilltop for a sufficiently long time is to make the hilltop wider and flatter in ϕ direction. It turns out that this is only possible for very small values of the quartic Higgs self-coupling λ. The scenario for small λ can be realized naturally in scalaron-Higgs inflation as the RG flow drives λ to very small values at high energies. The consequences of a very small λ are discussed in more detail in Sec. 6.
Finally, we briefly comment on more general initial conditions. Forφ 0 = 0 the qualitative picture does not change. The impact of a largeφ 0 would lead to a degeneracy of the four classes to (Class 2). In contrast, forχ 0 = 0 slow-roll inχ direction would not be possible. Nevertheless, a valid inflationary scenario with non-zeroχ 0 might still be realized.
Effective single-field reduction
In the previous section we classified the background dynamics into four different classes, determined by different initial values ϕ 0 for a given value ofχ 0 , and solved the background equations numerically. In all the cases, we found that for λ ≈ 10 −1 and ξ 1, the inflationary trajectory inevitably and almost instantaneously reaches the attractor solution in one of the valleys. The case ξ 1 requires additional care and is studied separately in Sec. 5.4. We conclude that for fixed quartic self-coupling λ ≈ 10 −1 and ξ 1, during the observable number of efolds N * , scalaron-Higgs inflation takes place in one of the valleys. In this section, we therefore investigate the inflationary scenario inside the valley. We discuss the reduction to the effective single field model, the quality of the valley approximation and derive the expressions for the spectral observables.
The valley approximation
The valley equation (4.14) relates ϕ withχ. Since Fig. 3 suggests that inflation inside the valley takes place predominantly along theχ direction, we use this relation in order to express ϕ as a function ofχ. Using ϕ = ϕ v (χ), the kinetic term (2.12) in the valley reads
Here, the ratio of the kinetic terms in the valley is given by ∂ϕ ∂χ
and we have defined theχ-dependent prefactor by
During inflation inside the valley we haveχ/M P > 1, which according to (5.3) implies K(χ) ≈ 1.
We first investigate the case in which the kinetic term forχ dominates, and the second term in (5.1) can be safely neglected during the whole inflationary trajectory. 12 For this approximation to hold, we must have 1 β 2 . 13 Inserting (4.14) into the potential (4.6), we obtain the effective single field potential
The functional form of the potential is the same as in non-minimal Higgs inflation [4] or Starobinsky inflation [5] . Thus, the original two-field scalaron-Higgs model effectively reduces to a model of a single minimally coupled scalar fieldχ with potential V (χ),
We derive the inflationary consequences in the next section and show that the CMB normalization leads to the constraint ζ ≈ 10 −9 For the value of the quartic self-coupling at the electroweak scale λ ≈ 10 −1 , this implies the upper bounds α 10 9 and ξ 10 4 .
Effective single field predictions in scalaron-Higgs inflation
In single field inflation, isocurvature effects are absent and the scalar perturbations are adiabatic. To first order in the slow-roll approximation, the inflationary observables for the scalar and tensor power spectrum (3.49) can be expressed analytically in terms of the inflaton potentialV (χ) and the two slow-roll parameters The slow-roll parameters v and η v in turn are expressed in terms of the inflaton potentialV and its first and second derivativesV 1 andV 2 ,
The field value ϕ end is defined by the breakdown of the slow-roll approximation
The power spectra (3.49) and consequently (5.6) are to be evaluated for the value of the inflaton fieldχ * , which can be expressed in terms of the number of e-folds N * by solving the integral equation for ϕ * ,
Here N runs from N * 60 at the beginning of inflation to N end = 0 at the end of inflation. The amplitudes as well as the spectral indices at horizon crossing are given by
The opposite case is analyzed in Sec. 6.1 and requires λ 10 −1 . 13 For large ξ with ξ 2 /λ 4α, we have ζ ≈ λ/ξ 2 and the numerical factor in (5.1) is suppressed as 1/β 2 ≈ 1/ξ 1.
The scalar-to-tensor ratio in terms of the first slow-roll parameter v reads
The last equation is a consistency relation of single field models of inflation, which effectively reduces the inflationary parameters from the four observables (5.9) to the three observables A R , n R and r. We can evaluate the expressions (5.9)-(5.10) for the effective single field potential (5.4). The integral (5.8) is dominated by the upper integration boundχ * . Keeping only the dominant exponential and inverting the relation we obtainχ * as a function of N * ,
Inserting this into the slow-roll parameters yields to leading order in the large N * limit
Finally, inserting (5.11)-(5.12) with γ = 2/3 into the expressions for the slow-roll observables (5.9) and (5.10) , we obtain to leading order in N * the well-known results
Assuming that the scale k * = 0.002Mpc −1 crossed the horizon at N * = 60, we obtain the predictions for the effective single field model in the valley approximation from (5.13),
The scalar spectral index and the tensor-to-scalar ratio of the Starobinsky and Higgs-inflation scenarios are independent of the model parameters and fall into the same universal attractor regime (5.13), which is in excellent agreement with the recent Planck data (3.52). The only constraint on the model parameters comes from the normalization of the scalar amplitude. Combining (3.51) and (5.14) leads to
The constraint (5.15) simultaneously implies upper bounds on α and the ratio ξ 2 /λ,
For λ ≈ 10 −1 , (5.16) leads to an upper bound on ξ alone ξ 10 4 , resulting in two cases:
1. For α ξ 2 , the CMB constraint (5.16) is determined by α alone and therefore fixes α ≈ 10 8 . In this case, ξ is only bounded from above ξ < 10 4 . In particular the non-minimal coupling ξ can take on small values which relaxes the situation with the strong coupling present in non-minimal Higgs inflation. The extreme limit ξ → 0 is investigated separately in Sec. 5.4 and results effectively in the Starobinsky model.
For ξ 2
α, the CMB constraint (5.16) is determined by ξ alone and therefore fixes ξ ≈ 10 4 . In this case α is only bounded from above α < 10 9 . However, in contrast to the ξ → 0 limit, the α → 0 limit is singular, which can be seen for example from the two-field potential (4.6) -a manifestation of the associated discontinuous change in the propagating degrees of freedom as setting α → 0 in (2.1) would eliminate the scalaron.
For fixed λ = 10 −1 the bounds (5.15) and (5.16) are self-consistent with the elimination of the ϕ kinetic term inside the valley (5.1), as 1/β 2 ≈ 10 −8 ξ < 10 −4 . This does not identically prove that the kinetic term for ϕ can be neglected for any combination of the free parameters (ξ, α), as the results (5.15) and (5.16) were derived under this assumption. But given the order of magnitude of ζ = O 10 −9 , which according to (5.4) controls the potential energy inside the valley, it is hard to imagine a situation where the kinetic term for ϕ might become dominant, since this would require 1/β 2 = ξζ/λ 1, which in the light of (5.15) and (5.16) can hardly be realized, unless λ is allowed to be significantly smaller than 10 −1 . Thus, for λ = 10 −1 and a broad range of the parameters (ξ, α), the CMB constraint restricts the inflationary background trajectory to point predominantly along theχ direction.
Turn rate, effective mass and absence of isocurvature effects
The observationally distinct feature of a single field scenario is the absence of multifield and isocurvature effects. From the dynamical equation (3.38) , it is clear that the effective isocurvature mass m 2 s , defined in (3.41), decides whether the isocurvature perturbation Q s grows or is sufficiently suppressed. Moreover, for a sourcing of the adiabatic mode by the isocurvature mode, the turn rate must be non-vanishing for a sufficiently long time. Since for λ ≈ 10 −1 , the ϕ kinetic term is strongly suppressed compared to that ofχ inside the valley, this implies thatσ I points approximately in theχ direction. In view of (3.18), the speedσ is determined byχ alone,σ
Here we have introduced the symbol v ≈, which denotes equality under the assumption that the valley approximation holds. In particular, in the valley, the derivatives of the potential W are to be evaluated at ϕ = ϕ v after differentiation. Together with (3.18) and (3.19), (5.17) implies for the components ofσ I andŝ I ,
Thus, the isocurvature unit vectorŝ I points along theφ direction and the inflaton unit vector σ I in theχ direction. This also implies that δχ can be associated with the adiabatic inflaton perturbation Q σ and δϕ with the isocurvature perturbation Q s . Combining (5.18) with (4.14), we find
Therefore, due to (3.25) , to first approximation the turn rate is negligible inside the valley 14 
Inside the valley, the dimensionless damping ratio m 2 s /3H 2 becomes
The first term can be evaluated explicitly and yields
The slow-roll parameter ε σ for the scalaron-Higgs potential in the valley approximation reads
Inflation in the valley takes place forχ/M P > 1 and stops atχ/M P ≈ 1, where ε σ v ≈ 1. During slow-roll inflation, the last two terms in (5.25) can be neglected for ξ 1. Therefore, for a Higgs self-coupling λ ≈ 10 −1 along with a non-minimal coupling ξ 1, the isocurvature damping ratio reduces to Equation (3.38) shows that a positive damping ratio m 2 s /3H 2 > 0 leads to an exponential suppression of the isocurvature modes Q s . From equation (5.29) it can be seen that for ξ 1, the isocurvature modes are heavily suppressed. It was argued in the previous sections that for generic initial conditions ϕ 0 as well as fixed λ ≈ 10 −1 and ξ 1, the trajectory falls into the valley within O(1) efolds. We therefore conclude that the problem reduces to an effectively single field one for ξ 1.
So far, we restricted our analysis to large values of the non-minimal coupling. The conclusion that the scalaron-Higgs model reduces to an effective single field one for ξ 1, relied upon the fact that on the hilltop at ϕ = 0, the curvature in ϕ direction is proportional to ξ, and hence inflationary trajectories starting on the hill are immediately pushed into one of the valleys, in which inflation takes place predominantly in theχ direction. This conclusion is also in agreement with the findings of the recent work [61] . However, for ξ 1 this argument is no longer valid and a more careful analysis is required -not explored in [61] . Moreover, from (4.15) and the CMB constraint (5.15), it can be seen that the height difference between the hilltop and the valley disappears in the small ξ limit. Likewise, (4.14) implies that the separation between the two valleys vanishes in the low ξ limit. Therefore, the two valleys degenerate and form a single broad valley for ξ 1, as can be seen in Fig. 8 . In this scenario, inflation essentially takes place on the flat plateau around ϕ = 0. We perform a detailed analysis of the ξ 1 regime in Sec. 5.4 and show that for λ ≈ 0.1, even in the extreme limit ξ → 0, the scalaron-Higgs model gives the same attractor predictions as non-minimal Higgs inflation or Starobinsky inflation with no isocurvature effects. This might not be intuitively expected, since in contrast to the pure single field Starobinsky model, in the low ξ limit of the scalaron-Higgs model there are two dynamical fields, both of which become equally light in this regime.
Small ξ limit
In this section, we investigate whether or not a small non-minimal coupling constant ξ, can lead to a finite isocurvature mode surviving at the end of inflation. To address this question, we analytically study the limit ξ → 0. In this extreme limit, the isocurvature mode is suppressed the least during its evolution on the potential landscape. From (5.25) and (5.26), it can be seen that a finite positive ξ leads to a positive m 2 s and hence enhance the suppression of the isocurvature mode. Thus, if the isocurvature mode is sufficiently suppressed already in the extreme limit ξ → 0, it is expected to be even more strongly suppressed for higher values of ξ. In addition to the approximate analytic investigation, we strengthen our results by an independent numerical analysis. 4 , ξ = 10 3 , ξ = 10 2 , ξ = 10. In the small ξ limit the two valleys disappear and form a single broad flat valley.
The valley equation (4.14) shows that the two valleys degenerate to one broad valley around ϕ = 0 in the limit ξ → 0. Hence the trajectory inside the valley is almost a straight line along theχ direction. For ξ 1, the turn rate in the valleys is even smaller and can safely be ignored. This implies that the modes Q s and Q σ evolve independently also in the limit ξ → 0. As can be seen from (3.37) and (3.38), the individual growths of the adiabatic and isocurvature modes Q σ and Q s are determined by Ω σσ and m 2 s respectively. Before we compute Ω σσ and m 2 s , we first notice that in the limit ξ → 0, the approximation σ χ σ ϕ is satisfied even with higher accuracy. This can be seen from (5.1), as for λ = 10 −1 and ζ fixed by the CMB constraint (5.9), the kinetic term for ϕ is even more negligible compared to that ofχ. From (5.25) and (5.26), the expression for the effective isocurvature mass in the ξ → 0 limit reduces to
The two terms on the right hand side originate from the curved scalar field space geometry and can be expressed in terms of slow-roll parameters. However, in contrast to the estimate (5.28) for ξ 1, these terms cannot be neglected anymore in the ξ → 0 limit, for which the effective isocurvature mass is dominated by the curvature of the scalar field space and not be the two-field potential. Using the Friedmann equations in the slow-roll approximation and the definition (3.40), the valley expression for Ω σσ in the ξ → 0 limit reads
Retaining only terms up to first order in the slow-roll, we obtain
With inflation predominantly along theχ direction, the slow-roll parameters reduce to
The above results for Ω σσ and m 2 s were obtained in the valley approximation ϕ = ϕ v . However we also need to compute the expressions for m 2 s /3H 2 and Ω σσ /3H 2 on the hilltop in order to show that for generic initial conditions ϕ 0 , the inflationary trajectory is inevitably driven towards the single attractor solution in the broad valley along ϕ = 0 and subsequently follows a straight line path towards the global minimum at (χ, ϕ) = (0, 0). Potential oscillations in ϕ directions are quickly damped out as in (Class 2). This scenario is illustrated in Fig. 9 . Figure 9 . Scalaron-Higgs potential for ξ = 10 −3 , λ = 0.1, and α = 6.03 × 10 8 . In the small ξ limit, the valley structure disappears and the two valleys degenerate to one broad valley centered at ϕ = 0. The inflationary background trajectory (red line) is superimposed and shows that for generic initial conditions the trajectory quickly approaches the attractor solution along ϕ = 0.
As can be seen from (4.6), the effective single field potential for ϕ = 0 on the hilltop has the same functional dependence as the effective single field potential (5.4) inside the valleŷ
Therefore, the ratiosV ,χ /V andV ,χχ /V inside the valley and on the hilltop are the same and the expressions for Ω σσ /3H 2 h and m 2 s /3H 2 h on the hill are identical to those in (5.32) and (5.30) evaluated inside the valley. Consequently, the slow-roll parameters (5.33) and the expression for Ω σσ on the hilltop and inside the valley are identical in the ξ → 0 limit
For the isocurvature mass, the contribution from the second derivative of the potential are different at the hilltop and inside the valley,
However, this difference disappears in the limit ξ → 0 and from (5.25), we obtain
Therefore, in the limit ξ → 0, both theχ and the ϕ directions of the potential are almost flat and the modes Q σ and Q s are light. Together with the vanishing turn rate, this implies that the slow-roll approximation is satisfied and the mode equations (3.37) and (3.38) reduce to the first order equations
Here we have expressed the differentials in terms of dN = −Hdt, which means that the modes are evolved backward in time for increasing N . For the inflationary dynamics in the effective single field potential (5.34) along the ϕ = 0 trajectory, we have the same inflationary predictions for ε σ and η σ as for the effective single field inflation inside the valley (5.12),
Thus, in view of (5.37) and (5.32), we obtain to first order in slow-roll
Since Ω σσ /3H 2 and m 2 s /3H 2 are both negative, (5.38) implies that this leads to an exponential growth of Q σ and Q s . The slow-roll analysis (5.40) shows that for all values of N , the growth rate of the isocurvature mode is always smaller than that of the adiabatic mode. Here, the initial value ϕ 0 was chosen to be small (which leads to maximum growth of the isocurvature mode) in order to demonstrate that even for this extreme case there are no sizable isocurvature effects. Fig. 10 where the exact numerical solutions of the growth rates are compared to the analytic slow-roll estimate (5.40). Moreover, the exact numerical evolution of the isocurvature fraction β iso shows that there are no observable isocurvature effect
This is illustrated in
Summarizing we find that even in the extreme limit of ξ → 0, the isocurvature fraction is found to be negligible. Although both the fields are light in this regime, the growth rate of the adiabatic mode Q σ is always greater than that of the isocurvature mode Q s . In addition, as a consequence of the straight line trajectory along ϕ = 0, the turn rate is negligible and the curvature power spectrum is unaffected. This is illustrated in Fig. 11 by the exact numerical evolution of the curvature power spectrum (3.48) for two different values of ξ. We therefore conclude that for fixed λ = 10 −1 , an exhaustive range of the initial conditions (χ 0 , ϕ 0 ) and free parameters (ξ, α) lead to a curvature power spectrum indistinguishable from that of Higgs inflation or Starobinsky inflation with no observable multifield effects. In particular, even for small values of ξ 1 the isocurvature fraction is negligibly small and the power spectra are identical to those in non-minimal Higgs inflation and Starobinsky inflation. Figure 11 . The logarithmic power spectra log 10 (P R ) evaluated at the end of inflation as a function of log 10 (k/k * ) are obtained numerically (blue dots) for ϕ 0 = 10 −5 ,χ 0 = 5.7, α = 6.03 × 10 8 and λ = 10 −1 . The amplitude and the spectral index are extracted from the linear fit (red line).
6 Scalaron-Higgs inflation with a renormalization group driven λ So far, we have investigated the scalaron-Higgs model for fixed λ ≈ 10 −1 . In this section we explore several aspects of this model for a very small Higgs self coupling constant λ 10 −1 . Such small values of the quartic Higgs coupling are expected at high energies due to the Standard Model RG flow. Like in the model of non-minimal Higgs inflation, where the RG improvement turned out to be crucial for the connection between particle physics and inflationary cosmology [20, 21, [77] [78] [79] [80] , the Standard Model RG running drives the running Higgs self-coupling coupling λ to very small values at high energies. [81] . The arbitrary RG point was taken to be µ 0 = M t and the sliding scale µ is related to the dimensionless logarithmic scale t via t = ln(µ/M t ).
Moreover, as can be seen from the right plot in Fig 12, the self-coupling λ might even be driven to negative values, rendering the electroweak vacuum unstable. Since the RG flow is extremely sensitive to the conditions at the electroweak scale, the question about the stability of the vacuum strongly depends on the precise values of the Higgs mass M P and the top mass M t . Current measurements of M H ≈ 125 GeV and M t ≈ 172.44 GeV seem to indicate that the electroweak vacuum is just at the borderline of being stable [63] .
Before we address the questions regarding the stability of the effective potential in scalaron-Higgs inflation, we first investigate the inflationary consequences of a very small λ 10 −1 . We consider two different scenarios which differ by their initial conditions. Within the classification scheme of Sec. 4.3 these two scenarios correspond to (Class 1) where the inflationary trajectory starts out in one of the two valleys and to (Class 4), where the inflationary trajectory starts on the hilltop and subsequently falls into one of the valleys.
Effective single field model with large tensor-to-scalar ratio
Since for fixed ζ, the separation between the two valleys is controlled by the ratio ξ/λ, the main effect of a tiny self-coupling λ 10 −1 is to stretch out the valleys as well as the hilltop plateau of the scalaron-Higgs potential in ϕ direction. This effect is illustrated in Fig. 13 . For the initial condition ϕ 0 = ϕ v chosen such that the dynamics start inside one of the valleys, the inflationary trajectory tracks the valley up to the global minimum at (χ, ϕ) = (0, 0). In contrast to the case for λ = 10 −1 , where inflation takes place inside the valley (Class 1) predominantly along theχ direction, for λ 10 −1 inflation inside the valley takes place predominantly in ϕ direction. This effect is visible in Fig. 13 , which clearly shows that a smaller value of λ allows for a much wider separation of the valleys and an increased angle between them. Consequently, for λ 10 −1 the inflaton velocity inside the valley is dominated by the velocity of the ϕ field rather thanχ. Thus, compared to the valley analysis for λ = 10 −1 in Sec. 5, the roles ofχ and ϕ are reversed for λ 10 −1 . Therefore, the valley equation (4.14) should be used to eliminateχ in favor of ϕ in order to arrive at an effective single field description inside the valley for λ 10 −1 . The valley equation reads
where we have defined the new mass scale M . However, even if (6.1) is used to eliminateχ in favor of ϕ, we need to perform an additional field redefinition ϕ → u to the canonically normalized scalar field u. The transformation rules are found from the conditioṅ
where we use the notation v ≈ for an equality which holds in the valley for β 2 1. This leads to the simple differential relation between u and ϕ,
Integration yields the desired transformation law to the canonical variable u,
Consequently, inflation is driven by an effective single field potential
The inflationary slow-roll dynamics in the valley for M 2 /M 2 P = β 2 1 can be studied by applying the formalism of Sec. 5.2 to the potential (6.5). The slow-roll parameters are
At the end of inflation u end , we find from ε σ (u) = 1 the relation
The number of inflationary efolds with N end = 0 is defined as
(6.9)
From (6.8), we obtain for β 2 1 with cosh
Inserting this into (6.9), we obtain (6.10) for u in in terms of N * ,
Inserting this into the slow-roll parameters (6.6) and (6.7), we find
12)
(6.13)
In this way we finally obtain the inflationary observables at horizon crossing
14) Evaluating these expressions at N * = 60 we can derive bounds on the parameters λ and ξ.
First we combine (6.15) with (3.51) and solve n * R = 0.9649 for β 2 , leading to
Next, we combine (6.14) with (3.51) and solve ln(10 10 A * R ) = 3 for λ, yielding
Finally, inserting (6.18) into (6.17), we find the relation
For α 10 7 , the negative α contribution to (6.19 ) is negligible and we obtain
By construction, for fixed parameters (6.20) , the observables A * R and n * R are in perfect agreement with Planck data (3.51). A non-trivial consistency check is provided by the tensor to scalar ratio, which for (6.20) is given by r * = 0.0283, (6.21) which is still well below the current upper bound (3.52) . Moreover, the tensor-to-scalar ratio in this model is significantly higher than the universal attractor value (5.14) for the Higgsinflation or Starobinsky model. Although the value for the tensor-to-scalar ration obtained in (6.21) is consistent with the observational bound, the calculation was performed under the assumption that the approximation 6β 2 1 is satisfied. From the value of β 2 obtained in (6.17), we find 6β 2 = 0.103. Although the ϕ kinetic term is still dominant, the precise numerical value of the tensor-toscalar ratio obtained in (6.21) for the parameters (6.20), does not fit the exact numerical result. Nevertheless, the analytic expressions obtained by the single field approximation provide a useful tool to navigate through the parameter space. This is illustrated in the right column of Fig. 14 . The numerical results for the amplitude of the curvature power spectrum, the spectral index of the curvature perturbation and the tensor-to-scalar ratio are found within experimental bounds for a choice of parameters which are of the same order of magnitude as those used in the analytic estimate (6.20) . In particular, these numerical results show that for small λ 10 −1 the scalaron-Higgs model allows for a tensor-to-scalar ratio which is one order of magnitude higher than the universal attractor value (5.13), obtained in the corresponding effective single field model for β 2 1 discussed in Sec. 5.2. As an independent check of the single field approximation, we consider the limit β 2 1 for which the spectral index and the tensor-to-scalar ratio converge to the attractor values
Although the values (6.22) and (6.23) lie outside the observationally allowed bounds (3.51) and (3.52), they are nevertheless useful as an independent check of the exact numerical results, which should reproduce the same numbers in the β 2 → 0 limit. The numerical results for the limit β 2 → 0 are presented in the first column of Fig. 14 . For the exact numerical evaluation of the power spectra, we choose an inflationary trajectory that initially start inside the valley ϕ 0 = ϕ v . From the linear fits (3.49) of the numerically obtained power spectra (3.48), the numerical values for the amplitude and the spectral index are extracted. They are in excellent agreement with approximate analytic results (6.22) and (6.23) at k = k * . For values of 6β 2 ∼ 1 the analytic slow-roll single field description breaks down since the kinetic terms for ϕ andχ contribute equally to the total inflaton velocity. Therefore, the precise numerical values obtained from the analytic expressions for the spectral observables cannot be trusted. Nevertheless, with a choice of parameters slightly different from those obtained in (6.20) , the exact numerical results still lead to viable predictions for the spectral observables, as illustrated in the right column in Fig. 14. 
Multifield effects: wiggles in the power spectrum
Allowing for smaller values of λ 10 −1 also stretches out and flattens the hilltop in ϕ direction. Therefore, slow-roll inflation along the ϕ direction on the hilltop is possible for λ 10 −10 . This is in contrast to the analysis of (Class 3) and (Class 4) for λ = 10 −1 , where the narrow hilltop descends sharply in ϕ direction due to the steep and prominent valley structure and the unstable inflationary trajectories on the hilltop are almost instantaneously pushed down into one of the two valleys. Thus, besides the effective single field inflationary scenario for trajectories that start inside the valley, discussed in Sec. 6.1, a small for λ 10 −1 also allows for an inflationary background trajectory that starts on the hilltop and slowly rolls on the hilltop in the ϕ direction. If the trajectory stays for sufficiently many efolds on the hilltop, such that the subsequent fall into the valley happens during the observable number of efolds, this can lead to observable multifield effects. The transition of the inflationary trajectory from the hilltop to the valley is followed by oscillations inside the valley. This is reflected by a sharp drop and subsequent oscillations in the potential, which ultimately lead to wiggles in the adiabatic power spectrum [60, [82] [83] [84] [85] [86] . These wiggles are not related to isocurvature effects. They are associated to a change in the potential and also appear in the power spectrum for the tensor modes. Nevertheless, the appearance of the wiggle structure is clearly a multifield effect, only possible in a multidimensional potential landscape. This is exactly the scenario discussed in Section 4.3.4, which however was not possible for λ = 10 −1 as in this case, the inflationary trajectory on the hilltop is pushed almost immediately into the valley before the observable modes cross the horizon, resulting in no observable multifield effects. Figure 16 . The adiabatic power spectrum for the window of observable scales. Each blue dot corresponds to the numerical solution of (3.48) at t end for a given mode k. The wiggles at small k (large scales) are a clear multifield effect. For larger k, after the trajectory has settled down into the valley, the power spectrum approaches the linear fit. The structure of the wiggles is mainly determined by the parameter α. Lower values of α lead to a higher hilltop and therefore to stronger oscillations and to more pronounced wiggles. By choosing larger values of the initial condition ϕ 0 , the position of the wiggle structure can be shifted. For ϕ 0 /M P = 10 −5 the wiggle structure is well inside the observable window (left), while for larger ϕ 0 /M P = 10 −5 (where the fall from hilltop to valley happens "earlier") is shifted partially out of the observable window towards lower k (right).
The wiggle structure in the curvature power spectrum is illustrated in Fig. 16 for different values of α and different initial values ϕ 0 . The form of the wiggles is determined by the height of the potential, which in turn is mainly controlled by the parameter α. The smaller α, the higher the hilltop plateau, the stronger the oscillations, the more prominent the wiggle structure. The position of the wiggle structure is controlled by the initial condition ϕ 0 . For smaller ϕ, closer to ϕ 0 = 0, the trajectory stays longer on the hilltop plateau and the fall into the valley with the subsequent oscillations happens within the observable number of efolds. Vice versa, by increasing ϕ 0 to larger values, the wiggle structure can be shifted to the lower end of the observable k window corresponding to the largest scales. It would be interesting to investigate whether these wiggles might explain the anomalies observed at large scales in the CMB temperature anisotropy spectrum. This requires a more detailed numerical analysis which we leave for future work.
Stabilization of the electroweak vacuum
As discussed previously, the dynamics of the Standard Model RG flow drives the Higgs selfcoupling λ to very small values at high energies. The RG flow itself is very sensitive to the initial conditions at the electroweak scale, especially on the values for the Higgs mass and the Yukawa top mass, and can drive λ to negative values. The resulting instability of the effective Higgs potential must be considered as a serious problem -in particular in the context of inflationary models.
The scalaron-Higgs model changes the Standard Model RG analysis in at least two aspects. First, by adding the two marginal operators ξϕR and αR 2 to the Standard Model, the flow of the two additional couplings ξ and α as well as their influence on the flow of the SM couplings must be taken into account. Consequently, the RG system of the Standard Model must be extended by the beta functions for ξ and α and the existing Standard Model beta functions are modified by the divergent contributions induced by the additional operators. Depending on how α and ξ contribute to the beta function of the self-coupling λ, this might change the flow of λ in such a way that λ is stabilized. Based on results of [87] , it was reported in [62] that the one-loop contributions to the beta function of λ from ξ and α is positive and therefore could prevent λ from becoming negative at high energies. In order to make precise quantitative statements, a refined numerical RG analysis is required, which we plan to address in a future work.
Second, irrespectively of the changes in the running of λ(t), induced dynamically by a modified RG flow, the structure of the effective Higgs potential itself might provide a mechanism which could stabilize the electroweak vacuum. In order to illustrate this point, we again consider the case for which inflation takes place predominantly in ϕ direction, as for the effective single field scenario with β 2 β crit and potential (6.5), investigated in Sec. 6.1. According to (6.4) we have u ≈ ϕ for u/M 1. In this approximation, the functional form of the potential (6.5) therefore takes on the ϕ 4 shape of the Higgs potential with a modified quartic coupling constantλ, The only remnant of the original two-field model is the additional contribution 4λα/ξ 2 to the effective quartic self couplingλ. On the one hand, for the stability of the effective Higgs potential, we must haveλ ≥ 0 at high energy scales, irrespectively of whether λ itself remains positive under the RG evolution. On the other hand, we should have |4λ(t)α(t)/ξ 2 (t)| 1 at the electroweak scale t = t EW = ln(µ EW /M t ) ≈ 0 in order not to create conflicts with particle physics measurements. If the modified and enlarged (by ξ and α) RG dynamics still drives λ(t) to negative values at high energy scales such that λ(t inst ) < 0 for t ≥ t inst , we must ensure that |4λ(t)α(t)/ξ 2 (t)| > 1 for t ≥ t inst in order forλ(t inst ) > 0. 15 Thus, in order to stabilize the effective Higgs potential (6.24), a turn-over among the two terms inλ between t EW and t inst must happen, such that the 4λ(t)α(t)/ξ 2 (t) contribution changes from negligible small to dominant. Whether or not such a transition is actually realized requires a more careful numerical study of the actual RG flow and is left for future work.
Conclusions and outlook
The model of scalaron-Higgs inflation provides a natural and elegant framework for a unified description of particle physics and cosmology, which only assumes Einstein gravity and the Standard Model of particle physics together with two additional marginal operators: the nonminimal coupling of the Higgs field to gravity and an additional curvature invariant given by the the Ricci scalar squared. Since the scalaron-Higgs model features an approximate scale invariance for large curvatures and large values of the Higgs field, it naturally provides a quasi de Sitter stage, ended by the Einstein Hilbert term that breaks the scale invariance. The higher derivatives of the quadratic curvature invariant lead to an additional propagating scalar degree of freedom -the scalaron. We formulated the scalaron-Higgs model as a scalartensor theory of two minimally coupled scalar fields with a curved scalar field space. In view of the latter, we applied a field covariant formalism and derived the inflationary two-field dynamics on a flat FLRW background as well as the linear perturbations propagating on this background.
In contrast to single field models of inflation, the inflationary trajectory is not unique but depends on the initial conditions for the dynamical background equations, whose solutions enter the dynamical equations for the cosmological perturbations. In this way the dependence on the initial conditions for the background dynamics propagates into the inflationary observables.
For a broad range of parameters, the scalaron-Higgs potential features two prominent valleys which serve as natural attractor solutions for the inflationary trajectory. We identified four classes of qualitatively distinct trajectories on the basis of their initial conditions and discussed the observational consequences for each class. For a quartic Higgs coupling at the electroweak scale λ = M 2 H /2v 2 ≈ 10 −1 , we found that all classes inevitably reduce to an effective single field model for which the inflationary dynamics takes place predominantly along theχ direction inside one of the two valleys. For the resulting effective single field model we derived analytical expressions of the inflationary slow-roll observables and found that they are indistinguishable from the model of non-minimal Higgs inflaton and Starobinsky's model of inflation. Due to their universal predictions for the spectral index and the tensor-to-scalar ratio, independent of any model parameters, only the CMB normalization condition constrains the parameter combination λ/(ξ 2 + 4λα) and imposes an upper bound on the two additional parameters ξ 10 4 and α 10 9 . If the latter is satisfied by the 1/4α term, the situation with the strong coupling ξ, present in the model of non-minimal Higgs inflation, is relaxed in a natural way, as ξ can take on small values. Likewise, if the CMB constraint is instead satisfied by the combination λ/ξ 2 , the parameter α can be varied. We also provided analytical expressions for the effective adiabatic and isocurvature masses and showed that inflation inside the valley does not lead to any observational isocurvature effects. In addition, we discussed the limit of a vanishing non-minimal coupling ξ, for which the two valleys degenerate to a single valley and showed that the inflationary predictions are those of Starobinsky's model.
Motivated by the Standard Model RG flow, we explored the inflationary consequences of a running self-coupling λ(t), which is dynamically driven to very small values at high energies. We showed that, depending on the initial conditions, different scenarios are possible. The main effect of a very small λ is that the multifield potential is stretched and flattened in the ϕ direction. In this case, inflation inside the valley takes place predominantly in ϕ direction and again leads to an effective single field model, which however yields different observational predictions than that of non-minimal Higgs inflation or that of Starobinsky's model of inflation. In particular, depending on the precise values of the parameters, it predicts a larger tensor-to-scalar ratio.
For very small λ, also the plateau on the hilltop of the two-field model is flattened in ϕ direction. Therefore, apart from effective single field inflation inside the valley, a true multifield scenario becomes possible for which the inflationary trajectory starts on the hilltop and stays there for a sufficient number of efolds before it falls into one of the valleys during the observable number of efolds. In this scenario we found observable multifield effects which manifest themselves in the form of wiggles in the power spectrum and might even provide a theoretical explanation of the anomalies observed at large scales in the CMB temperature anisotropy spectrum. We hope to address this question in more detail by a thorough numerical analysis in a follow-up work.
Finally, the scalaron-Higgs model offers various ways to stabilize the electroweak vacuum. The modified flow of the extended RG system, which includes the additional beta functions for ξ and α as well as the contributions of ξ and α dependent terms to the Standard Model beta functions, might prevent the running λ from turning to negative values at high energy scales. In addition, the structure of the effective scalaron-Higgs potential itself suggests a way to stabilize the electroweak vacuum. A conclusive statement can only be made by a full numerical RG analysis of the scalaron-Higgs model. We plan to address this interesting questions in a forthcoming work.
A Scalaron-Higgs field space geometry
In terms of the field parametrizations Φ I = (χ, ϕ), the field space metric G IJ for the scalaronHiggs model (2.13) is given explicitly by
The inverse is trivially calculated as
The non-vanishing Christoffel components are given by
Since the field space is two dimensional, the Riemann tensor is determined in terms of the constant scalar curvature R 0 ,
The Einstein tensor vanishes identically G IJ ≡ 0. The non vanishing components of the Riemann tensor, the Ricci tensor and the Ricci scalar are given explicitly as
In particular, a negative R 0 implies that the field space is hyperbolic.
